The objectives of the current study were to determine the amounts of above-and below-ground plant biomass production, P uptake by forage, and P concentration of cool-season grass forage as influenced by management and season. Five forage management treatments were evaluated over 3 years in smooth bromegrass (Bromus inermis Leyss) pastures. Management practices were: ungrazed (U), hay harvest/fall stockpile grazing (HS), rotational stocking to residual sward heights of 10 (10R) or 5 (5R) cm, and continuous stocking to maintain sward height at 5 cm (5C). Forage samples were hand-clipped within and outside grazing exclosures monthly from April through November of each year and analyzed for mass and P concentration. Root samples were collected at the initiation and completion of the study for determination of root length density (RLD) and root surface area density (RSAD). Phosphorus concentrations of forage outside the grazing exclosures did not differ among 5C, 5R, and 10R treatments, which were greater than U paddocks in April and August and less than HS paddocks in June. Mean annual forage productivity was greater in HS, 10R, 5R, and 5C paddocks (6 744 6 62 kg ? ha 21 mean 6 SE) than in the U paddocks (1 872 6 255 kg ? ha 21 ). Mean P concentration of forage outside exclosures was greatest during the spring (0.21 6 0.01%), and lowest during the fall (0.13 6 0.01%). Mean annual P uptake by forage followed the same trend as forage production, being greater in the HS, 10R, 5R, and 5C paddocks (13.9 6 2.0 kg ? ha 21 ) than in the U paddocks (3.7 6 0.5 kg ? ha 21 ). After 3 years, RLD decreased in the ungrazed paddocks, but was unchanged in the HS, 10R, 5R, and 5C paddocks. Forage production and P uptake by forage is stimulated by forage harvest, either by grazing or hay harvest in smooth bromegrass pastures.
INTRODUCTION
Phosphorus (P) is an essential nutrient for both plants (Cole et al. 1977) and animals (NRC 1996) . However, excess P in the environment has the potential to cause environmental degradation through contamination of surface waters, and represents an economic loss to producers through the purchase of fertilizer for crops or mineral supplements for livestock (CAST 2002) . Therefore, it is important to manage pastures to optimize P availability for grazing cattle. Pierzynski and Logan (1993) reported a large range in the average P concentration and P removal in harvested forages for several common forage species. The actual P content of forage varies with seasonal forage growth dynamics (Grings et al. 1996) , P content of the soil (Nash and Halliwell 1999) , soil P desorption kinetics (Raven and Hossner 1994) , available N in the soil (Belanger et al. 2002) , application of fertilizer P (Toor et al. 2004) , soil moisture and ambient temperature (Cole et al. 1977; Kerrigde et al. 1990; Wadsworth et al. 1990 ), plant maturity (Grings et al. 1996) , grazing pressure (Chaneton et al. 1996) , and forage species (Pierzynski and Logan 1993) . The variation in P content of forage under different conditions is related to the ability of the plant to assimilate P across the root (Cole et al. 1977) , the presence of actively growing meristematic tissue (Wilman 2004) , the leaf to stem ratio of the plant, and the amount of dead tissue in the plant (Greene et al. 1987) .
In some instances, grazing can stimulate forage productivity by enhancing nutrient cycling through increased physical deterioration and soil incorporation caused by the consumption and excretion of forage nutrients and the action of hooves on the soil surface (Schuman et al. 1999) . DeMezancourt et al. (1998) proposed that forage productivity at first increases with grazing pressure, reaches a maximum at a moderate rate of herbivory, and declines as grazing pressure increases. In an analysis of forage productivity from 127 grazed grassland studies, Milchunas and Lauenroth (1993) found that although grazing of livestock resulted in a 23% reduction in annual forage production, 17% of the studies showed a positive relationship between grazing and forage production. Studies that showed increased forage production resulting from grazing had low levels of consumption, were conducted for a limited number of years, and most had small increases in production.
Grazing not only impacts above-ground productivity, but below-ground productivity as well. Grazing pressure increased root mass in more sites than it decreased root mass (Milchunas and Lauenroth 1993) , resulting in a mean increase of 20% in root mass with grazing across all studies. Root masses in the upper 60 cm of soil surface of smooth bromegrass (Bromus inermis Leyss) pastures were greater at medium grazing pressure than either heavy or light grazing pressure, whereas root mass of meadow bromegrass (Bromus biebersteinii Roem. & Schult.) was greatest under light grazing pressure (Mapfumo et al. 2002) .
Well-managed forage systems have the potential to increase plant production and the nutritional quality of forage (Pedreira et al. 1999) , and therefore should increase the amount of P available to grazing animals (Wilman 2004) , reducing the need for supplemental P. The objectives of the current study were to evaluate the effects of grazing management and season on the production of above-ground plant biomass production, root density, and the P uptake and concentration of forage in pastures dominated by smooth bromegrass.
MATERIALS AND METHODS

Site Description
For 3 years (2001) (2002) (2003) , smooth bromegrass pastures located at the Iowa State University Rhodes Research and Demonstration Farm (lat 42u009 N, long 93u259 W) were managed to determine the impacts of grazing on forage production and P uptake (Haan et al. 2006 ). Soils at the study site were Downs silt loam (fine-silty, mixed, mesic Mollic Hapludalf), Gara loam (fine-loamy, mixed, mesic Mollic Hapludalf), and ColoEly complex (fine-silty, mixed, mesic, Cumulic Haplaquoll, and fine-silty, mixed, mesic, Cumulic Hapludoll). Thirty-year average annual precipitation at the research site was 891 mm, with the majority of the precipitation (54%) falling from May through August. Precipitation was slightly above average during the first (932 mm) and third (965 mm) year of the study and slightly below average during the second year (716 mm; NOAA 2001 NOAA , 2002 NOAA , 2003 NOAA , 2004 . Prior to initiation of the study, all pastures were managed as a single unit for beef cattle grazing and hay harvest for greater than 20 years.
Three pastures of approximately 2.2 ha on hillsides were subdivided into 5, 0.4-ha paddocks with a 6-m wide lane at the top of the hill for cattle movement. Soil samples were taken to a depth of 5 cm prior to the initiation of stocking in April 2001 for determination of Bray-1 P and exchangeable potassium (K). Based on soil test nutrient recommendations for cool-season grass pastures in Iowa (ISU 2002) , P was applied as diammonium phosphate to two paddocks in one pasture to bring all paddocks to a minimum of an optimum P level (11-15 mg ? kg
21
). Soils in all paddocks contained an optimum level (111-150 mg ? kg
) or greater of exchangeable K; therefore, no additional K was applied. Neither P nor K was applied for the remainder of the study period. In each year, N was applied as urea at a rate of 90 kg N ? ha 21 before the initiation of grazing in the spring and 50 kg N ? ha 21 at the initiation of the forage stockpiling period in August to all paddocks.
Forage Management
Forage management treatments were randomly assigned to 1 of 5 paddocks in each of the 3 replicated pastures. Treatments included: an ungrazed control (U), summer hay harvest with fall stockpiled grazing (HS), continuous stocking to a residual sward height of 5 cm (5C), and rotational stocking to a residual sward height of 5 (5R) or 10 (10R) cm. Paddocks were initially stocked with 3 nonpregnant mature Angus cows (mean 6 SE body weights of 657 6 84, 613 6 94, and 625 6 53 kg in year 1, 2, and 3, respectively) in May of all three years. Summer grazing was terminated in mid-October of each year. Animals had access to salt, but received no supplemental P while on the research pastures.
In the continuous stocking system, cattle were removed from the paddocks once the sward height, measured with a falling plate meter (4.8 kg ? m
22
), decreased to 5 cm. Each cm of forage sward height, measured with the falling plate meter, corresponds to 112 kg of live forage dry matter per ha (Hermann et al. 2002) . Paddocks were allowed a short rest period of 7 to 10 days to allow limited forage regrowth to occur. These short periodic rest periods in the continuous stocking system were considered to be representative of cattle distribution patterns in a larger pasture. Cattle allowed continuous access to a large pasture avoid areas of low forage availability in favor of areas of greater forage availability (Pinchak et al. 1991) , effectively providing the area of low forage availability a short rest period for forage regrowth to occur. In the rotational stocking systems, cattle were removed from the paddocks when the sward height decreased to 5 or 10 cm for the 5R and 10R treatments, respectively. In both rotational stocking systems, paddocks were allowed 35-day rest periods to allow for plant regrowth before being restocked.
Hay was harvested from the HS treatment in June of each year. Regrowth from these paddocks was mowed in early August of each year at the beginning of the stockpiling period to improve forage quality during the stockpile grazing period (Fribourg and Bell 1984) , but the yield of mowed forage was inadequate to harvest. Paddocks in the HS system were stocked in mid-November of each year following a killing frost and grazed to a residual sward height of 5 cm by 3 cows that had been used during the summer grazing period.
Forage Sampling
Forage sward heights were measured with a falling plate meter (4.8 kg ? m
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) and forage samples were hand clipped to 2 cm from a 0.25-m 2 area at 6 random locations in all paddocks and inside 6, 1.5-m 2 grazing exclosures in each grazed paddock in each month from April through November. Grazing exclosures were moved each month to a new location adjacent to the randomly selected sampling locations with an equal sward height to that of the hand-clipped forage at each location in the grazed paddocks. First harvest forage in the paddocks with the HS treatment was harvested as small square bales. All bales were weighed and half were randomly sampled with a 2.25-cmdiameter Penn State forage sampler (NASCO, Fort Atkinson, WI) at harvest.
To determine initial and final root length density (RLD) and root surface area density (RSAD), soil cores were collected at the initiation of grazing in June 2001 and again in May 2004 after 3 grazing seasons. Hand probes with a 3.81-cm diameter were used to collect 8 cores at random locations within each paddock. The cores were divided into 0 to 5 cm and 5 to 15-cm depth increments. A hydro-pneumatic separation system was used to separate roots from soil (Smucker et al. 1982) . After removing debris, plant residues, and dead roots, individual roots from each sample were stained and then scanned to obtain a digitized (TIF) image. Images were analyzed with the ROOTEDGE software (Kaspar and Ewing 1997) to obtain total root length and mean diameter. Root length density and root surface area density were calculated by dividing the root length and surface area by the volume of soil sampled.
Laboratory Analysis and Calculations
Forage samples, both hand-clipped pasture and hay core samples, were dried in a forced air oven at 65uC for 48 hours, weighed, and ground with a Wiley Mill (Arthur H. Thomas Co., Philadelphia, PA) to 2 mm. Forage P was determined by combustion in a muffle furnace at 550uC for 4 hours, followed by an acid extraction of the ash with 6N hydrochloric acid, a molybdovanadate reaction, and colorimetric determination against a standard curve (Spectronic Instruments, Rochester, NY) at 400 nm (AOAC 1990) .
Monthly forage dry matter yield and P accumulation in ungrazed paddocks were calculated as the differences in yield of these components between subsequent monthly forage samples.
Monthly forage dry matter yield and P accumulation in grazed paddocks were calculated as the differences between the yields of these components within the grazing exclosure at a specified month and outside the grazing exclosure in the previous month. Net forage dry matter yield and P accumulation from the U, 5C, 5R, and 10R paddocks were the sum of the monthly values determined by hand clipping. Net forage dry matter yield and P accumulation from HS paddocks were the sums of the dry matter yield and P accumulation in harvested hay and the monthly values, determined by hand clipping, after the forage was mowed in August. Because forage in paddocks with the HS treatment that was mowed in August was neither baled nor grazed, it was not included in the calculation of monthly or net forage dry matter yield and P accumulation.
Statistical Analysis
Data were analyzed using the PROC MIXED procedure of SAS (SAS 2001) . The model included treatment, month, year, and their interactions as fixed effects. Replicate was treated as a random effect. Depth was included as a fixed effect when the root data were analyzed. Because root data followed a nonnormal distribution, statistical analyses were conducted with log 10 -transformed data. Differences between means were tested using a Tukey test for multiple comparisons. Least square means (6 SEM) are reported. Significance was determined at P , 0.05 and a tendency for significance at P , 0.10.
RESULTS
Forage Sward Height, Mass, and P Concentration
Mean sward heights of paddocks with the U treatment did not differ from paddocks with the HS and 10R treatments in April (Table 1) , but were greater (P , 0.05) than paddocks with all forage management treatments in May through November. Mean sward heights of paddocks with the 5C treatment did not differ from paddocks with other harvest treatments in April, paddocks with the HS and 5R treatment in May, paddocks with the HS treatment in June or paddocks with the 5R treatment in October and November, but were less (P , 0.05) than paddocks with all other treatments in July through September. Mean sward heights of paddocks with the 5R treatment did not differ from paddocks with the 10R treatment in April, June, and September, but were lower (P , 0.05) than paddocks with the 10R treatment in all other months. Mean sward heights of paddocks with the 10R treatment were greater (P , 0.05) than paddocks with the HS treatment after hay harvest in May and June, lower (P , 0.05) than paddocks with the HS treatment during the stockpiling period in October, but did not differ from paddocks with the HS treatment in other months.
Mean forage masses of paddocks with the 5C treatment did not differ from paddocks with the other forage harvest treatments in April, the HS and 5R treatment in May, and the 5R treatment in August, but were lower (P , 0.05) than other treatments in June, July, September, October, and November. Mean forage masses of paddocks with the 5R treatment did not differ from the HS treatment in April, May, July, and November and the 10R treatment in April and June, but were lower (P , 0.05) than the HS and 10R treatments in August, September, and October. Mean forage masses of paddocks with the HS treatment were lower (P , 0.05) than paddocks with the 10R treatment in April, May, June, July, and November, but did not differ from paddocks with the 10R treatment in August, September, and October.
Mean P concentrations of forage in paddocks with the U treatment were lower (P , 0.05) than all treatments in April and August, and lower (P , 0.05) than paddocks with the HS treatment in June, July, September, and October. Mean forage P concentration in paddocks with the HS treatment were lower (P , 0.05) than those with the 5C treatment in June, but greater (P , 0.05) than paddocks with the 10R, 5R, and 5C treatments in June, and paddocks with the 5R and 5C treatments in September. Forage P concentration did not differ between the 10R, 5R, and 5C treatment in any month. Minimum forage P concentration occurred in November for all treatments.
Forage Production and P Uptake
Annual forage production did not differ among harvested treatments (6 744 6 62 kg ? ha 21 ? yr 21 ), but was greater (P , 0.05) in harvested paddocks than in the U (1 872 6 255 kg ? ha 21 ? yr
21
) treatment (Table 2) . Net forage production from paddocks with the HS treatment included 3 202 6 186 kg ? ha 21 ? yr 21 of forage that was harvested as hay. Forage production in the HS treatment might have been underestimated as a result of forage dry matter losses related to respiration and leaf losses associated with mowing and conditioning (Rotz and Muck 1994) , and the loss of forage that was mowed, but not harvested in August to initiate stockpiling for winter grazing. Available forage allowed an average of 429, 337, 272, and 63 cow-days ? ha 21 of grazing per year in the 5C, 5R, 10R, and HS paddocks, respectively.
In the 5C, 5R, and 10R paddocks, forage production was greatest (P , 0.05) during the spring, decreased during the summer, was negative in the fall, and began to increase again in the early spring (Fig. 1) . Negative growth during the fall was likely the result of senescence and decay of forage. In the HS treatment, forage production was greatest (P , 0.05) in the month following hay harvest and then followed the same productivity pattern as occurred in the grazed paddocks. The U treatment was characterized as having several alternating periods of forage growth and decay throughout the year.
Similar to forage production, mean annual P uptake did not differ between harvested treatments (13.9 6 2.0 kg ? ha 21 ? yr 21 ), and was greater (P , 0.05) than U (3.7 6 0.5 kg ? ha 21 ? yr 21 ) treatments (Table 2) . Phosphorus uptake by forage was Table 1 . Mean monthly forage sward heights (SEM 1 5 1.1), forage mass (SEM 5 235), and P concentration (SEM 5 0.02) of forage from outside of grazing exclosures in paddocks with different forage management treatments.
April May June July August September October November Average Means within a row with different letters differ at P , 0.05.
---------------------------------------------------------------------------------Sward height, cm --------------------------------------------------------------------------------
--------------------------------------------------------------------------Forage mass, kg DM 4 ? ha 21 ------------------------------------------------------------------------- U 5501a 3 556a 5 227a 6 245a 5 588a 5 848a 5 704a 4 897a 5 321a HS 2 381b 898c 704c 1 403c 1 564b,c 2 063b 2 288b 1 376c 1 584c 10R 3 161b 2 103b 1 998b 2 438b 2 036b 2 270b 2 229b 2 051b 2 286b 5R 2 370b 1 042c 1 601b 1 193d 1 192c,d 1 370c 1 249c 1 090c 1 388c 5C 1 892b 1 514c 1 058b 1 001d 930d 671d 927c 702d 1
087d --------------------------------------------------------------------------P Concentration, P % of DM-------------------------------------------------------------------------
lower (P , 0.05) in U pastures, than in pastures harvested by grazing or as hay, during the spring through early summer and again during late fall (Fig. 2 ). Of the P uptake from paddocks with the HS treatment, 6.56 6 0.73 kg ? ha 21 ? yr 21 P were harvested as hay.
Grazing Effects on Root Characteristics
Root length density (RLD) and root surface area density (RSAD) in the surface soil (0-15 cm) did not differ across the study area at the initiation of grazing. However, both RLD and RSAD were lower (P , 0.05) in the 5-15 cm layer than in the 0-5 cm layer. Among individual treatments, mean RLD in the 0-5 cm layer was lower (P , 0.05) in the 5C treatment than in the U and HS treatments (Fig. 3) , but did not differ among treatments in 5-15 cm soil layer. Root surface area density, on the other hand, did not differ among treatments in either the 0-5 or 5-15 cm soil layers at the time of grazing initiation (data not shown).
After three years, RLD and RSAD did not differ in the surface soil, and although both RLD and RSAD decreased with profile depth, differences among individual treatments within the 0-5 cm and 5-5 cm layers were not evident (Fig. 3) . Although mean root length density in the 0-5 cm layer of the 5C treatment was 16.2 cm ? cm 23 greater than in the U treatment, this difference was not significant (P 5 0.102) because of the variability of RLD among the paddocks of the 5C treatment (CV 5 30.4%).
To determine the effect of three grazing seasons on forage root characteristics, data from the initial and final sampling were compared. Root length density in the surface soil (0-15 cm) decreased (P , 0.05) in the U, HS, 10R, and 5R treatments, but did not change in the 5C treatment. Root surface area density in the surface soil also decreased (P , 0.05) in the U treatment, but did not change in any of the other treatments. Within each sampling depth, RLD decreased in both the 0-5 cm and 5-15 cm layers of the U treatment and the 5-15 cm layer of the 5R treatment. Root surface area density of the 5C treatment increased (P , 0.05) from 2.05 cm 2 ? cm 23 to 3.91 cm 2 ? cm 23 . This increase suggests that overall root biomass in the 0-5 cm layer increased in these paddocks after three years of continuous grazing.
DISCUSSION
Forage Characteristics
Management and seasonal factors can interact to have significant impacts, both positive and negative, on the productivity SEM 5 Standard error of the mean, n 5 9 (3 blocks 3 3 years).
2 Period of forage growth: 1 5 AprilMay, Period 2 5 May-June, Period 3 5 June-July, Period 4 5 JulyAugust, Period 5 5 August-September, period 6 5 September-October, period 7 5 October-November, period 8 5 November-April. U 5 ungrazed, HS 5 hay/stockpile grazed, 10R 5 10 cm rotational, 5R 5 5 cm rotational, 5C 5 5 cm continuous.
a Ungrazed significantly different than 5R, 10R, 5C, and HS treatments (P , 0.05). Hay/stockpile significantly different than 5R, 10R, 5C, and U treatments (P , 0.05). 1 SEM 5 Standard error of the mean, n 5 9 (3 blocks 3 3 years).
2
Period of P uptake: 1 5 April-May, Period 2 5 May-June, Period 3 5 June-July, Period 4 5 July-August, Period 5 5 August-September, period 6 5 September-October, period 7 5 October-November, period 8 5 November-April. U 5 ungrazed, HS 5 hay/stockpile grazed, 10R 5 10 cm rotational, 5R 5 5 cm rotational, 5C 5 5 cm continuous.
a Ungrazed significantly different than 5R, 10R, 5C, and HS treatments (P , 0.05). Hay/ tockpile significantly different than 5R, 10R, 5C, and U treatments (P , 0.05). and quality of pastures and grasslands. The major actions of grazing animals on pasture are defoliation, treading, and removal or translocation of nutrients within pasture (Greenwood and McKenzie 2001) . In addition to the actions of grazing, animal growth and nutritional characteristics of forages will change with maturity of the forage (Ferdinandez and Coulman 2001) . Clary and Leininger (2000) recommended a residual forage sward height of 10 cm as a starting point for forage management in order to maintain plant vigor and reduce environmental impacts associated with cattle grazing. This height can then be increased or decreased to meet the management needs of the specific location (Clary and Leininger 2000) . In the current study, sward height in the U treatment remained above 14 cm for the entire year and sward heights in the 10R and HS treatments remained at approximately 9 to 10 cm for most of the grazing season before decreasing in the fall. Mean sward heights in the 5R treatment remained at or above 6 cm for the majority of the grazing season, but fell below 4 cm in October and November. Mean sward heights in the 5C treatment were below 5 cm for the majority of the grazing season, and dipped below 3 cm in November. Low stubble heights have been associated with an increase in bare soil (Papanastasis 1985) and in the current study, paddocks with the 5C treatment had greater bare soil than did the other treatments (Haan et al. 2006) .
Low forage sward heights, as observed in the 5C treatment, can result in a reduction in forage intake (Tharmaraj et al. 2003) . The use of rotational stocking systems allowed the maintenance of sward heights greater than 3.9 and 6.5 cm for paddocks with the 5R and 10R treatments until October, likely maintaining greater forage intake by the cattle throughout the season. Correll et al. (2003) observed that forage mass and digestibility of pasture grazed to a sward height greater than 5, but less than 10 cm resulted in maximum forage intake by cattle.
A reduction in the concentrations of minerals, including P, of forage occurs as forages mature (Kincaid and Cronrath 1983; Borman 2004) . Changes in P concentration associated with treatment and month in the current study were most likely related to changes in the cell wall concentration, leaf-to-stem ratio (Belanger et al. 2002) and live to dead ratio (Greene et al. 1987) of the available forage, although neither of these variables nor the P concentrations of specific forage tissues were measured in the current study. Nitrogen availability is also known to have a positive relationship with P concentration and uptake by forage (Hemingway 1999) . This effect might partially be responsible for the slight increase in forage P concentration and increase in P uptake in September following the application of N in August.
Although changes in forage P concentration were observed over the growing season, P concentration of available forage was adequate at all times to meet the nutritional requirements of spring-calving beef cows with a moderate level of milk production, based on NRC (1996) requirements (Fig. 4) . During early summer, while cows are still at high level of milk production, the forage P concentration and the cow requirements were approximately equal. However, this level of P intake should be adequate because although the concentration of P was determined in hand-clipped forage, cattle have the ability to select forage with a greater nutritional value than the hand-clipped forage in pastures, assuming forage availability is adequate (Hermann et al. 2002) .
Forage Production and P Uptake
Forage harvest has been shown to result in an increase in forage production compared to an unharvested pasture (Dormarr et al. 1997) , as was observed in the current study. The greater forage productivity in grazed than ungrazed paddocks is likely caused by the grazed forage remaining in a vegetative or elongation stage for a longer time while the ungrazed pasture entered the reproductive growth stage. Additionally, grazing might stimulate productivity through enhanced nutrient cycling brought on by the physical deterioration, soil incorporation, and enhanced rate of decomposition caused by the consumption of forage and the excretion of nutrients in the manure, and the action of hooves on the soil surface (Schuman et al. 1999) . Grazing cattle return to the pasture over 80% of P and other nutrients consumed in forage (Berry et al. 2001) , and these nutrients become available to support forage growth (Bakker et al. 2004 ). In the current study, the amount of P deposited by the cattle was likely in excess of 80% because they were not lactating and were close to their mature body weights.
The trend of decreasing RLD (Fig. 3 ) and RSAD (data not shown) in the surface soil (0-15 cm) of the U treatment might be the result of intraspecific competition. Mapfumo et al. (2002) suggested that intraspecific competition causes a reduction in root mass due to uncontrolled growth in an ungrazed pasture. Nie et al. (1997) also found that root biomass in the 0-5 cm soil layer significantly decreased under fallowed treatments, in which no grazing was allowed from spring to autumn, as compared to the grazed treatments.
Among the grazing treatments, few differences in RLD or RSAD were observed after three years of grazing. Manley et al. (1997) found similar results, because stocking rate and grazing treatment had no effect on above or below ground biomass in their 12-year study. The decrease in both RLD and RSAD in the 0-5 cm and 5-15 cm layers of the U treatment could indicate Forage P values are a pooled average of the three summer grazed paddocks in the current study. Animal requirements are based on NRC (1996) values for a spring (March) calving cow (450 kg) producing 9 kg ? d 21 of milk at peak lactation.
that roots grew deeper into the profile, as observed by Nie et al. (1997) . The relatively shallower root systems of plants in the grazed pastures could be an indication of compaction during grazing (Shierlaw and Alston 1984) . Nevertheless, this decrease in RLD and RSAD in all but the 5C treatment probably had little effect on the ability of the bromegrass to absorb water and nutrients or hold soil particles during heavy rainfall events.
Results of the current study also imply that forage productivity was not affected by stocking system. Carrying capacities of paddocks with the 10R, 5R, and 5C treatments were 272, 337, and 429 cow-days ? ha 21 ? yr
21
, respectively. Because forage production did not differ among grazing treatments, the increasing forage needs to support the greater carrying capacities of the 5R and 5C treatments were met by greater utilization of the existing forage as opposed to increased forage productivity. This greater forage utilization resulted in differences in forage masses and sward heights among the three summer grazing treatments at the end of the grazing season.
Hay Harvest
The mean removal rate of P by forage observed in the current study (6.6 kg ? ha
21
) were less than one half the 15 to 39 kg ? ha 21 reported for legume and cool-season grass hays reported by Pierzynski and Logan (1993) . Both hay yield (3 202 kg ? ha
) and P concentration of harvested hay (0.21%) in the current study were lower than the forage yields of 6 720 to 13 440 kg ? ha 21 and P concentrations of 0.22% to 0.44% (Pierzynski and Logan 1993) . Hay harvest can have major impacts on soil P content, causing the concentrations of plant available nutrients to decrease in the upper 15 cm of the soil profile (Mathews et al. 1994) , although no reduction in plant available Bray-1 P was observed in the current study (Haan et al. 2006 ).
MANAGEMENT IMPLICATIONS
Forage production and P uptake by forage is stimulated by forage harvest, either by grazing animals or hay harvest. Although a grazing animal recycles most of the P it consumes to the pasture in the form of fecal P, hay harvest results in the removal of P from the system. In pastures receiving a large application of P in the form of manure from livestock confinement feeding operations, regular hay harvest might be necessary to manage soil P so that it does not reach excessively high levels.
Forage P concentrations were adequate to meet the nutritional requirements for a spring-calving cow under all grazing management practices evaluated in the current study. However, in the 5C treatment, a short forage sward height might have limited forage intake and potentially affected animal performance. Rotational stocking systems may be better able to meet the nutritional requirements of moderate-to highproducing grazing animals. If an adequate amount of forage is available for grazing animals and soil P concentrations are at a level to support optimum plant growth, supplemental P should not be required for beef cows grazing smooth bromegrass pastures in the Midwest.
